4-Hydroxyphenylacetic acid oxidation in sulfate and real olive oil mill wastewater by electrochemical advanced processes with a boron-doped diamond anode by Flores Tapia, Nelly Esther et al.
UN
CO
RR
EC
TE
D
PR
OO
F
A R T I C L E I N F O
Article history:
Received 3 August 2016
Received in revised form 22 September
2016
Accepted 23 September 2016
Available online xxx
Keywords:
BDD anode
Electro-Fenton
4-Hydroxyphenylacetic acid
Olive oil mill wastewater
Photoelectro-Fenton
A B S T R A C T
The degradation of 4-hydroxyphenylacetic acid, a ubiquitous component of olive oil mill wastewater (OOMW), has
been studied by anodic oxidation with electrogenerated H2O2 (AO-H2O2), electro-Fenton (EF) and photoelectro-Fenton
(PEF). Experiments were performed in either a 0.050 M Na2SO4 solution or in real OOMW at pH 3.0, using a cell with
a boron-doped diamond (BDD) anode and an air-diffusion cathode for H2O2 generation. Hydroxyl radicals formed at the
BDD surface from water oxidation in all processes and/or in the bulk from Fenton’s reaction between added Fe2+ and
generated H2O2 in EF and PEF were the main oxidants. In both matrices, the oxidation ability of the processes increased
in the order AO-H2O2 < EF < PEF. The superiority of PEF was due to the photolytic action of UVA radiation on pho-
tosensitive by-products, as deduced from the quick removal of Fe(III)-oxalate complexes. The effect of current density
and organic content on the performance of all treatments was examined. 4-Hydroxyphenylacetic acid decay obeyed a
pseudo-first-order kinetics. The PEF treatment of 1.03 mM 4-hydroxyphenylacetic acid in 0.050 M Na2SO4 allowed 98%
mineralization at 360 min even at low current density, whereas 80% mineralization and a significant enhancement of
biodegradability were achieved with the real OOMW.
© 2016 Published by Elsevier Ltd.
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1. Introduction
The olive oil produced in Spain and other Mediterranean countries
accounts for more than 75% of total world production. This, in turn,
entails a huge annual release of industrial olive oil mill wastewater
(OOMW). These effluents are usually acidic and extremely hazardous
for the aquatic environment due to their very large organic matter con-
tents and high turbidity levels, which cause a poor oxygenation and
light penetration [1,2]. OOMW mainly contains phenols, acids, lipids,
sugars and tannins [3,4]. A limited number of works have described
the treatment of these effluents by catalytic wet air oxidation [5] and
electrolysis with a Pt anode [6,7], showing a significant destruction
of phenolic components. More research efforts are then needed to de-
grade OOMW and its main single components to devise an optimum
integral treatment for such industrial wastewater.
4-Hydroxyphenylacetic acid is a typical phenolic component rou-
tinely found in OOMW. It is a primary product formed upon oxida-
tion of tyrosol (4-hydroxyphenylethanol), which is a well known phe-
nolic compound in OOMW as well [8,9]. On the other hand, 4-hy-
droxyphenylacetic acid is useful for the industrial synthesis of var-
ious end products like the β-blocker atenolol, among others. How-
ever, the information on its degradation routes and fate in the field of
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wastewater treatment is scarce. The removal of 4-hydroxypheny-
lacetic acid by advanced oxidation processes (AOPs) like zero-valent
iron [10] and UV/H2O2 and Fenton’s reagent [11] has been reported.
Conversely, as far as we know, its destruction by powerful electro-
chemical AOPs (EAOPs) has not been reported yet.
Over the last fifteen years, the EAOPs have received increasing at-
tention to remove toxic and/or non-biodegradable organic pollutants
from wastewater [12–15]. These methods are particularly viable ow-
ing to their environmental compatibility, high energy efficiency, ver-
satility, amenability of automation, safe operation under mild condi-
tions and easy scale-up. The great oxidation power of EAOPs is based
on the continuous in situ generation of reactive oxygen species (ROS)
like hydroxyl radical ( OH), the second strongest oxidant known after
fluorine. A high standard reduction potential (E°( OH/H2O) = 2.80 V/
SHE) explains its ability to non-selectively react with most organics
up to mineralization to CO2, water and inorganic ions [13,14].
The boron-doped diamond (BDD) thin-film anodes yield the
quickest mineralization of organics in the EAOPs. This anode pos-
sesses larger oxidation ability than conventional Pt [16–18] and PbO2
[19] ones as a result of the low adsorption of both, OH formed at its
surface and organics, as well as its greater O2-evolution overvoltage.
These properties allow the mineralization of aromatics [12,20–27] and
by-products like short-chain linear carboxylic acids [28]. The oxi-
dation ability of EAOPs may be upgraded when H2O2 is continu-
ously generated at the cathode from the two-electron reduction of O2,
http://dx.doi.org/10.1016/j.jhazmat.2016.09.057
0304-3894/© 2016 Published by Elsevier Ltd.
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as follows [13,14]:
Anodic oxidation with electrogenerated H2O2 (AO-H2O2), elec-
tro-Fenton (EF) and photoelectro-Fenton (PEF) are the most impor-
tant EAOPs based on H2O2 electrogeneration. They use effective car-
bonaceous cathodes for Reaction (1) like BDD [29], activated car-
bon fiber [30], carbon nanotubes [31], carbon sponge [32], carbon
felt [9,24,33–35] and carbon-polytetrafluoroethylene (PTFE) gas-dif-
fusion devices [27,36–39].
This paper presents a study on the oxidation of 4-hydroxypheny-
lacetic acid, spiked in either synthetic sulfate solutions with ultrapure
water or real OOMW solutions, by AO-H2O2, EF and PEF using a
BDD/air-diffusion tank reactor. Very worth mentioning, no previous
studies have addressed the treatment of real OOMW by EAOPs with
an air-diffusion cathode, which is mandatory aiming to scale-up these
promising technologies. The effect of current density (j) and substrate
content on the degradation rate and mineralization current efficiency
(MEC) was examined. The kinetics for the substrate decay and the
evolution of generated carboxylic acids were monitored by high-per-
formance liquid chromatography (HPLC). The change in biodegrad-
ability was determined during the treatment of OOMW. Gas chro-
matography-mass spectrometry (GC–MS) was used to identify the
main organic components of the raw OOMW.
2. Experimental
2.1. Chemicals
4-Hydroxyphenylacetic acid (98% purity) was purchased from
Sigma-Aldrich. Analytical grade oxalic acid was supplied by Merck.
Iron(II) sulfate heptahydrate and anhydrous sodium sulfate were of an-
alytical grade supplied by Fluka. Analytical grade sulfuric acid from
Acros Organics was used to adjust the initial pH to 3.0. Aqueous so-
lutions were prepared with high purity water from a Millipore Milli-Q
system (resistivity > 18 MΩ cm at 25 °C). Other chemicals were of
HPLC or analytical grade provided by Panreac and Merck.
2.2. Real OOMW sample
The real OOMW was obtained from a decanter receiving waste-
water generated upon cleaning stages during the premium extra vir-
gin olive oil production at a small size oil mill in northeastern Spain.
It was collected in November of 2015 and kept at 4 °C before use.
The treatments were made after filtration of the OOMW sample with
an 18 μm filter, spiking or not 1.03 mM 4-hydroxyphenylacetic acid,
without or with dilution with Milli-Q water.
2.3. Electrolytic system
All the trials were carried out with an open, undivided, cylindri-
cal glass cell containing 100 mL solutions under vigorous stirring with
a magnetic bar at 700 rpm. The cell was surrounded with a double
jacket where thermostated water was recirculated at 35 °C. This was
the maximum temperature that could be used avoiding significant sol-
vent evaporation. A 3 cm2 BDD (deposited onto p-Si) electrode sup-
plied by NeoCoat (La-Chaux-de-Fonds, Switzerland) was used as the
anode and a 3 cm2 carbon-PTFE air-diffusion electrode supplied by
E-TEK (Somerset, NJ, USA) as the cathode. The interelectrode gap
was about 1 cm. The cathode was mounted as reported elsewhere
[27] and was fed with air pumped at 300 mL min−1 for continuous
H2O2 generation on site. The experiments were performed at constant
j provided by an EG&G Princeton Applied Research 273A potentio-
stat-galvanostat. The surfaces of the anode and cathode were initially
cleaned and activated, respectively, under polarization in 100 mL of
0.050 M Na2SO4 at 100 mA cm
−2 for 180 min.
Solutions with 0.21-2.06 mM 4-hydroxyphenylacetic acid and
0.050 M Na2SO4 at pH 3.0 were comparatively treated by AO-H2O2,
EF and PEF at j values between 16.7 and 100 mA cm−2. These EAOPs
were also applied to degrade the filtrated OOMW sample at pH 3.0,
either raw or diluted with ultrapure water, in the absence and presence
of 1.03 mM 4-hydroxylphenylacetic acid. For EF and PEF, 0.50 mM
Fe2+ was added as Fenton’s catalyst since it was found optimal for
many organics degraded under similar conditions [36–39]. For PEF, a
Philips TL/6W/08 fluorescent black light blue tube of λmax = 360 nm
placed at 8 cm above the solution surface was used. The average
power density of this lamp was 5 W m−2, as determined with a
Kipp&Zonen CUV 5 UV radiometer.
2.4. Analytical methods
The pH and conductance of synthetic sulfate solutions and real
OOMW samples were measured with a Crison GLP 22 pH-meter and
a Metrohm 644 conductometer, respectively. The turbidity was deter-
mined with a WTW TURB 55 IR turbidimeter. The chemical oxy-
gen demand (COD) was measured with Hach Lange LCK014, LCK-
514 and LCK614 COD cuvette tests using a Hach DR 3900 UV–vis
spectrophotometer. Other parameters of the OOMW were determined
according to the Standard Methods [40]. The 5-day biochemical oxy-
gen demand (BOD5) was obtained following a respirometric method
with a WTW Oxitop 12 system using seed from a municipal waste-
water treatment plant (method 5210 D). Total solids (TS) and total
suspended solids (TSS) were determined upon evaporation and drying
to constant weight in an oven at 103–105 °C (methods 2540 B and C).
Phenol index was obtained according to the 4-aminoantipyrine direct
spectrophotometric method 5530 D. Oil and grease content was mea-
sured via the partition-gravimetric method 5520 B. Anions concen-
tration was obtained by ion chromatography with a Kontron 465 LC
equipped with a Waters IC-PAK, 150 mm × 4.6 mm, anion-exchange
column at 35 °C and coupled with a Waters 432 conductivity detec-
tor. A mixture of boric acid, sodium gluconate, sodium tetraborate,
acetonitrile, butanol and glycerine was eluted at 2.0 mL min−1 as the
mobile phase. The cations content was found by inductively coupled
plasma (ICP-OES) using an Optima 3200RL spectrometer.
For total organic carbon (TOC) determinations, 1 mL samples
were withdrawn from treated solutions, filtered with 0.45 μm What-
man PTFE filters and 50 μL directly injected into a Shimadzu VCSN
TOC analyzer. Reproducible values with ±1% accuracy were found.
Assuming the following total mineralization for 4-hydroxypheny-
lacetic acid:
the mineralization current efficiency (MCE) for each trial was esti-
mated as follows [41]:
where n = 34 is the number of electrons of the mineralization process,
F is the Faraday constant (96,487C mol−1), V is the solution volume
(L), Δ(TOC)exp is the TOC decay (mg L−1), 4.32 × 107 is a conver
O2 + 2H
+ + 2 e− → H2O2 (1)
C8H8O3 + 13H2O → 8 CO2 + 34H+ + 34 e− (2)
(3)
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sion factor to homogenize units (3600 s h−1 × 12,000 mg C mol−1),
m = 8 is the number of carbon atoms of 4-hydroxyphenylacetic acid, I
is the current (A) and t is the electrolysis time (h).
The 4-hydroxyphenylacetic acid abatement was followed by re-
versed-phase HPLC using a Waters 600 LC fitted with a BDS Hyper-
sil C18 6 μm, 250 mm × 4.6 mm, column at 35 °C and coupled with
a Waters 996 photodiode array detector set at λ = 277.0 nm. The sam-
ples of EF and PEF were immediately diluted with acetonitrile to stop
the degradation process and filtered prior to injection. Measurements
were made by injecting 10 μL aliquots into the LC and eluting an
acetonitrile/water (60:40) mixture at 0.6 mL min−1 as mobile phase.
The chromatograms exhibited a peak for the parent compound at re-
tention time (tr) of 5.0 min. Final carboxylic acids were identified by
ion-exclusion HPLC using the same LC fitted with a Bio-Rad Aminex
HPX 87H, 300 mm × 7.8 mm, column at 35 °C and the photodiode ar-
ray detector set at λ = 210.0 nm. Aliquots of 10 μL were injected into
the LC and the mobile phase was 4 mM H2SO4 at 0.6 mL min
−1. The
chromatograms displayed a peak related to oxalic acid at tr = 7.0 min.
The organic components of the real OOMW sample after filtration
were identified by GC–MS using a NIST05-MS library to interpret the
mass spectra. Aliquots were lyophilized and the residue was dissolved
in 1 mL of ethyl acetate. GC–MS analysis was performed on an Agi-
lent system composed of a 6890N GC and a 5975C MS, operating in
EI mode at 70 eV. The GC was fitted with a non-polar Teknokroma
Sapiens-X5 ms 0.25 μm, 30 m × 0.25 mm, column. The temperature
ramp was 36 °C for 1 min, 5 °C min−1 up to 325 °C and hold time
10 min. The temperature of the inlet, source and transfer line was 250,
230 and 300 °C, respectively.
3. Results and discussion
3.1. Comparative degradation by AO-H2O2, EF and PEF in sulfate
medium
First assays to degrade solutions of 1.03 mM 4-hydroxypheny-
lacetic acid (100 mg L−1 TOC) in 0.050 M Na2SO4 at pH 3.0 aimed at
comparing the relative oxidation ability of AO-H2O2, EF and PEF at
16.7 mA cm−2. The solution pH did not changed significantly, slightly
decreasing to 2.7-2.8 owe to the generation of acidic by-products
[13,14,38].
Fig. 1 depicts a gradual TOC abatement over electrolysis time
in all cases, attaining a final reduction of 69%, 86% and 98% for
AO-H2O2, EF and PEF, respectively. A slightly faster mineralization
can be observed in EF compared to PEF up to 120 min. These find-
ings allow concluding that the power of EAOPs rises in the order
AO-H2O2 < EF < PEF for electrolysis times >120 min, reaching an al-
most total mineralization with powerful PEF.
The good oxidation ability of AO-H2O2 can be related to the
pre-eminent action of physisorbed hydroxyl radical formed from wa-
ter oxidation at the BDD anode surface [12,42,43]:
In AO-H2O2, organics can be simultaneously degraded by other
ROS like H2O2 and its oxidation product, HO2 [14]. Moreover, other
weak species like peroxodisulfate ion (S2O8
2−) and O3 formed at the
BDD anode via Reactions (5) and (6), respectively, can be formed
[12,43]:
Fig. 1. TOC abatement with electrolysis time for the treatment of 100 mL of 1.03 mM
4-hydroxyphenylacetic acid solutions in 0.050 M Na2SO4 at pH 3.0 using a tank reactor
equipped with a 3 cm2 BDD anode and a 3 cm2 air-diffusion cathode at 16.7 mA cm−2
and 35 °C. Method: (●) anodic oxidation with electrogenerated H2O2 (AO-H2O2),
(■) electro-Fenton (EF) with 0.50 mM Fe2+ and (▲) photoelectro-Fenton (PEF) with
0.50 mM Fe2+ and 6 W UVA radiation.
The enhancement of the degradation using EF can be explained by
the additional production of OH in the bulk through homogeneous
catalysis with added Fe2+ via Fenton’s Reaction (7) [14,15,27,33]. Or-
ganics are then destroyed by heterogeneous and homogeneous oxi-
dants, i.e., BDD( OH) and OH.
The faster mineralization in PEF is due to the photolysis of some
by-products upon UVA light irradiation, which induces the photore-
duction of Fe(OH)2+ to Fe2+ via Reaction (8) and the photolysis of
Fe(III) complexes with final carboxylic acids by Reaction (9)
[36–39,41]:
The fact that the mineralization rate in EF is slightly higher than
that in PEF up to 120 min of electrolysis (see Fig. 1) suggests the
formation of more recalcitrant benzenic by-products at the beginning
of the PEF process under the action of UVA light, which are more
hardly oxidizable by BDD( OH) and OH. This behavior is also in-
dicative of little influence of additional OH formed from Reaction
(8) on TOC decay. In contrast, the faster degradation of PEF at longer
times confirms a strong photolytic action of UVA light over the re-
maining by-products, probably Fe(III) complexes.
The above findings reveal the superiority of PEF for degrading
4-hydroxyphenylacetic acid in sulfate medium. The influence of the
main operation parameters on its performance is discussed below, as
compared with EF to better clarify the specific role of UVA light.
BDD + H2O → BDD( OH) + H+ + e− (4)
2 SO4
2− → S2O82−+ 2 e− (5)
3H2O → O3 + 6H+ + 6 e− (6)
H2O2 + Fe
2+ → Fe3+ + OH + OH− (7)
Fe(OH)2+ + hv → Fe2+ + OH (8)
Fe(OOCR)2+ + hv → Fe2+ + CO2 + R (9)
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3.2. Effect of operation parameters on EF and PEF processes in
sulfate medium
The concentration of generated hydroxyl radicals in EAOPs and
hence, their oxidation ability for wastewater remediation, depends on
the applied j. The influence of this parameter on the EF and PEF treat-
ments of 1.03 mM 4-hydroxyphenylacetic acid in 0.050 M Na2SO4 at
pH 3.0 was assessed in the range 16.7–100 mA cm−2.
For EF, Fig. 2a shows a greater TOC decay at higher j. Final
TOC reductions of 85.7%, 90.1%, 93.5% and 94.8% were obtained
at 16.7, 33.3, 66.7 and 100 mA cm−2, respectively. This enhancement
can be related to the progressive generation of larger amounts of
BDD( OH) and OH by the concomitant increase in rate of Reac-
tions (4) and (1), thus accelerating Fenton’s Reaction (7). The same
behavior can be observed in Fig. 2b for PEF, although yielding an
almost total mineralization (97.5%–98.3%) for all j values. The ef-
fect of this parameter was more evident at shorter times. For exam-
ple, at 180 min of electrolysis increasing TOC reductions of 78.8%,
84.6%, 89.2% and 95.5% were found at growing j values. Compari-
son of Fig. 2a and b allows concluding not only the superiority of PEF
at each j, but also the greater relative importance of UVA light as j
was raised. After 180 min at 16.7 mA cm−2, for example, 66.2 mg L−1
TOC were abated in EF, rising to 78.8 mg L−1 in PEF. This difference
is lower than 15.1 mg L−1 TOC found at 100 mA cm−2. This finding
can be explained by the formation of larger quantities of photosensi-
tive by-products at higher j, being more rapidly removed upon UVA
irradiation.
Fig. 3a and b depict a drop in MCE values with increasing j for
both, EF and PEF, in contrast to its positive contribution to TOC re
Fig. 2. Effect of current density on TOC decay with electrolysis time for the (a)
EF and (b) PEF treatments of 100 mL of a 1.03 mM 4-hydroxyphenylacetic acid so-
lution in 0.050 M Na2SO4 with 0.50 mM Fe
2+ at pH 3.0 and 35 °C using a BDD/
air-diffusion cell. Applied current density: (●) 16.7 mA cm−2, (■) 33.3 mA cm−2, (▲)
66.7 mA cm−2 and (▼) 100 mA cm−2.
Fig. 3. Mineralization current efficiency vs. electrolysis time for the trials of Fig. 2.
moval. Maximum current efficiencies of 54.9% for EF and 49.9% for
PEF were then found at the lowest j, dropping to 27.1% and 30.8%,
respectively. In all cases, the MCE values decreased at prolonged time
due to the loss of organic load and the formation of more recalcitrant
by-products [12,13]. It is also noticeable that only the MCE-t plots at
the lowest j of 16.7 mA cm−2 presented a marked maximal at 120 min
for EF (see Fig. 3a) and at about 180 min for PEF (see Fig. 3b). This
can be related to the smaller amounts of BDD( OH) and OH radicals
produced at this low j, which destroy slowly the primary recalcitrant
benzenic by-products. As a result, species that are more prone to being
mineralized are gradually generated up to reach the maximum value of
current efficiency, whereas the loss of organic load and the formation
of Fe(III)-carboxylate products cause a progressive decay in current
efficiency at longer time.
The decay in MCE with rising j can be related to the acceleration
of parasitic reactions of BDD( OH) and OH, leading to smaller avail-
able quantities. Examples include the following ones [12–14,36–39]:
The substrate concentration is another important variable since it
affects the attack of oxidants on organic molecules in competence
with parasitic reactions. To study the effect of this parameter on
the performance of the EF and PEF treatments, solutions with
2 BDD( OH) → 2 BDD + O2 + 2H+ + 2 e− (10)
2 OH → H2O2 (11)
H2O2 + OH → HO2 + H2O (12)
Fe2+ + OH → Fe3+ + OH− (13)
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0.21–2.06 mM of the pollutant in 0.050 M Na2SO4 at pH 3.0 were
treated at 33.3 mA cm−2 for 360 min. Fig. 4a and b confirm the su-
periority of PEF over EF to remove 4-hydroxyphenylacetic acid and
its by-products for all substrate contents. At 360 min, TOC was re-
duced by 72.1%, 82.3%, 90.1% and 79.3% in EF and 92.2%, 95.4%,
97.5% and 88.8% in PEF for 0.21, 0.51, 1.03 and 2.06 mM, respec-
tively. The best performance was achieved for the 1.03 mM solution,
further declining. Worth noting, a larger TOC amount was removed
at greater substrate concentration. After 360 min of EF and PEF, for
example, 158.6 and 177.5 mg L−1 TOC were destroyed when start-
ing with 2.06 mM, values much greater than 100 mg L−1 TOC corre-
sponding to the 1.03 mM solution.
The enhancement of the oxidation ability at higher substrate con-
centrations is easily corroborated from the corresponding MCE values
given in Fig. 5a and b. In both treatments, the highest efficiency was
obtained for 2.06 mM. Since the same amount of hydroxyl radicals is
expected to be produced in all treatments at equal j, a larger number of
organic molecules react with BDD( OH) and OH, thus decelerating
parasitic Reactions (10)–(13). Note again the continuous drop of MCE
values over time, as also stated above.
In conclusion, the powerful PEF leads to an almost total mineral-
ization of 4-hydroxyphenylacetic acid solutions, with 98% TOC re-
moval as maximal. This is due to the large photolytic action of UVA
radiation to destroy photoactive by-products that are slowly removed
by hydroxyl radicals in EF.
Fig. 4. Influence of pollutant concentration on TOC removal with electrolysis time for
the degradation of 100 mL of 4-hydroxyphenylacetic acid solutions in 0.050 M Na2SO4
with 0.50 mM Fe2+ at pH 3.0 using a BDD/air-diffusion cell at 33.3 mA cm−2 and 35 °C.
Method: (a) EF and (b) PEF. 4-Hydroxyphenylacetic acid concentration: (○) 0.21 mM,
(△) 0.51 mM, (■) 1.03 mM and (▽) 2.06 mM.
Fig. 5. Time course of mineralization current efficiency for the assays of Fig. 4.
3.3. Decay kinetics of 4-hydroxyphenylacetic acid in sulfate medium
by EF and PEF
The reaction of 4-hydroxyphenylacetic acid with generated oxi-
dants was monitored by reversed-phase HPLC. Fig. 6 illustrates the
exponential concentration decay for a 1.03 mM substrate solution in
0.050 M Na2SO4 at pH 3.0 treated by EF and PEF at 33.3 mA cm
−2,
disappearing in 60 and 40 min, respectively. One can infer that the
main oxidant in EF and PEF is OH in the bulk. The slightly faster
Fig. 6. Decay of 4-hydroxyphenylacetic acid concentration with electrolysis time for the
(■) EF and (▲) PEF degradations of 100 mL of pollutant solutions in 0.050 M Na2SO4
with 0.50 mM Fe2+ at pH 3.0 using a BDD/air-diffusion cell at 33.3 mA cm−2 and 35 °C.
The inset panel presents the kinetic analysis assuming a pseudo-first-order reaction for
4-hydroxyphenylacetic acid.
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destruction in PEF can then be ascribed to the generation of additional
amounts of OH by photolytic Reaction (8).
The inset panel of Fig. 6 presents the good fitting for the drop
of substrate concentrations according to a pseudo-first-order kinetic
equation. From these straight lines, apparent rate constants (k1) of
1.4 × 10−3 s−1 (R2 = 0.990) for EF and 1.9 × 10−3 s−1 (R2 = 0.992) for
PEF were obtained. This behavior suggests the attack of a steady and
low OH concentration on 4-hydroxyphenylacetic acid obeying the
following second-order reaction rate (r):
where k2 (= k1/[ OH]) is the absolute or second-order rate constant
and R denotes the 4-hydroxyphenylacetic acid. Taking into account
that k2 = 7.02 × 108 M−1 s−1 for this reaction [11], one can estimate
the action of average OH concentrations (=k1/k2) of 2.0 × 10−11 and
2.7 × 10−11 M for EF and PEF, respectively.
3.4. Time-course of final carboxylic acids during EF and PEF in
sulfate medium
Ion-exclusion chromatograms revealed the accumulation of large
concentrations of oxalic acid during the EF and PEF treatments. It is a
typical short-chain carboxylic acid by-product that forms Fe(III) com-
plexes that can be directly converted into CO2 [21,27,33,34]. Fig. 7
depicts the evolution of oxalic acid concentration during the treatment
of a 1.03 mM 4-hydroxyphenylacetic acid solution at 33.3 mA cm−2.
In EF it was progressively accumulated up to 0.32 mM at 150 min,
whereupon it dropped drastically to 0.072 mM at the end of the elec-
trolysis. This corresponds to 1.70 mg L−1 TOC, which accounts for
17.1% of the remaining TOC (see Fig. 2a). The final solution of
EF then contained a large proportion of by-products that are even
more hardly oxidized by BDD( OH) and/or OH than final carboxylic
acids. In contrast, Fig. 7 shows that in PEF oxalic acid was much more
rapidly accumulated, up to 0.32 mM in 60 min, and completely re-
moved in 240 min because of the rapid photolysis of Fe(III)-oxalate
complexes by UVA light via Reaction (9). At that time, the solu-
tion contained 18.7 mg L−1 TOC (see Fig. 2b), which was reduced to
2.5 mg L−1 at 360 min. This means that the combined action of BDD(
OH), OH and UVA light over remaining photoactive by-products
strongly enhances the mineralization process.
Fig. 7. Evolution of the concentration of oxalic acid detected during the treatments
shown in Fig. 6: (■) EF and (▲) PEF.
3.5. Degradation of 4-hydroxyphenylacetic acid in a real OOMW
matrix
The study of the degradation of 4-hydroxyphenylacetic acid was
extended to a real OOMW, the matrix that conveys the pollutant to
the aquatic environment. Table 1 summarizes the physicochemical
properties of the OOMW sample. The raw sample had: (i) neutral
pH, (ii) very low conductivity and (iii) high turbidity, TOC, COD,
TSS and TS. After filtration with an 18 μm filter, the conditioned
OOMW showed a drastic removal of turbidity, TSS and TS. Its phe-
nol index was low, with larger contents of oil and grease. The
BOD5/COD = 0.334 for the conditioned OOMW spiked with
1.03 mM 4-hydroxyphenylacetic acid informed about its low
biodegradability. The conditioned OOMW also contained: (i) a very
high concentration of SO4
2− compared to the very small contents of
NO3
− and Cl− as anions and (ii) the predominance of K+ and Na+
among the cations, with an insignificant content of Fe2+. On the other
hand, its GC–MS analysis revealed the presence of a large variety
of compounds like 7 phenolic molecules, including 4-hydroxypheny-
lacetic acid, 1 heteroaliphatic alcohol as well as 4 aromatic and 4
aliphatic (1 cyclic and 3 linear) carboxylic acids, as summarized in
Table 2.
The EAOPs were then applied to the degradation of the condi-
tioned OOMW after spiking or not 1.03 mM 4-hydroxyphenylacetic
acid, as well as spiked OOMW samples diluted to 60% and 20% (v/
v) with ultrapure water. The initial pH was adjusted to 3.0 with H2SO4
and trials were carried out at 16.7 mA cm−2 for 540 min. This small j
was chosen because of the large potential difference of the cell aris-
ing from the low conductivity of the raw OOMW (see Table 1). Trials
were performed with the conditioned sample to avoid the influence of
suspended solids, particularly on the absorption of the irradiated UVA
light.
Table 1
Main physicochemical characteristics of the raw and conditioned OOMW sample to be
further used for electrochemical treatment.
Parameter (units) OOMW
pH 6.8 ± 0.1a
Conductivity (mS cm−1) 1.5 ± 0.1a
Turbidity (NTU) 245.7 ± 14.0a
24.0 ± 0.1b
TOC (mg L−1) 598 ± 42a
505 ± 31b
COD (mg O2 L
−1) 2368 ± 1c
BOD5 (mg O2 L
−1) 790 ± 42c
BOD5/COD 0.334 ± 0.012c
TSS (mg L−1) 3712 ± 398a
82 ± 41b
TS (mg L−1) 5852 ± 284a
2107 ± 51b
Phenol index (mg L−1) 9.3 ± 0.21b
Oil and grease (mg L−1) 60b
NO2
− (mg L−1) <0.012b,d
NO3
− (mg L−1) 0.51b
SO4
2− (mg L−1) 910.31b
Cl− (mg L−1) 2.91b
Fe2+ (mg L−1) 1.35b
Ca2+ (mg L−1) 15.11b
Mg2+ (mg L−1) 16.41b
K+ (mg L−1) 76.81b
Na+ (mg L−1) 387.81b
a Raw OOMW sample.
b After filtration with an 18 μm filter.
c After filtration (as in b) and addition of 1.03 mM 4-hydroxyphenylacetic acid.
d Limit of quantification.
r = k2 [ OH] [R] = k1 [R] (14)
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Table 2
Organic compounds identified by GC–MS using a non-polar column for a lyophilized real OOMW sample after filtration with an 18 μm filter.
Compound Molecular structure
tr
(min)
Main fragmentation ions
(m/z)
Phenol 9.3 94, 74, 66
3-Methylphenol 12.3 108, 90, 79, 77
Benzoic acid 15.2 122, 105, 77, 51
Benzeneacetic acid 17.4 136, 91, 65
Benzenepropanoic acid 20.1 150, 104, 91, 65
4-Hydroxybenzaldehyde 21.6 121, 93, 65, 39
Vanillin 22.1 151, 137, 123, 109, 81
4-Hydroxyphenylethanol 23.0 138, 107, 91, 77
4-Hydroxyphenylacetic acid 23.2 152, 107, 77
Homovanillyl alcohol 25.3 168, 137, 122
4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol (Coniferyl alcohol) 30.2 180, 163, 137, 124, 103, 91
Cyclohexanecarboxylic acid 14.5 128, 110, 73, 55, 41
2-(2-butoxyethoxy)-ethanol 16.2 132, 101, 87, 75, 57, 45
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Table 2 (Continued)
Compound Molecular structure
tr
(min)
Main fragmentation ions
(m/z)
n-Heptanoic acid 5.0 130, 87,73,60
n-Hexadecanoic acid (Palmitic acid) 34.1 256, 213, 171, 157, 129, 97, 73, 60, 43
Oleic acid 37.2 282, 264, 129, 111, 97, 83, 69, 55, 41
Fig. 8a–c depict the same relative oxidation ability of the EAOPs
in the sequence AO-H2O2 < EF < PEF for all the media tested. Partial
mineralization of the conditioned undiluted OOMW (not spiked) was
obtained with final TOC reductions of 71.8%, 79.5% and 83.4% for
the above treatments. This indicates an effective attack of BDD( OH)
Fig. 8. Normalized TOC removal vs. electrolysis time for: (a) AO-H2O2, (b) EF with
0.50 mM Fe2+ and (c) PEF with 0.50 mM Fe2+ and 6 W UVA radiation treatments of
100 mL of solutions with (●,□) 100%, (▽) 60% and (◊) 20% (v/v) of filtered (18 μm)
real OOMW, in the (●) absence or (□,▽,◊) presence of 1.03 mM 4-hydroxypheny-
lacetic acid at pH 3.0 using a stirred BDD/air-diffusion tank reactor at 16.7 mA cm−2
and 35 °C.
on the organics contained in the real OOMW in AO-H2O2, which was
enhanced under the parallel action of OH in EF and became even
more efficient upon photolysis of photoactive by-products in PEF.
This behavior was also found after spiking 1.03 mM 4-hydroxypheny-
lacetic acid to the undiluted OOMW (100% (v/v)) and to diluted
OOMW samples. Fig. 8a–c highlights a slight enhancement of the nor-
malized TOC abatement when decreasing the organic concentration of
the treated effluent. The quickest mineralization was achieved for the
20% (v/v) solution reaching 82.5%, 83.0% and 86.4% TOC decay by
AO-H2O2, EF and PEF, respectively. However, since the initial TOC
decreased significantly from 605 mg L−1 corresponding to the 100%
(v/v) solution, one can infer that all the treatments were more efficient
at greater organic load, confirming the deceleration of their parasitic
Reactions (10)–(13).
The decay kinetics of the spiked 4-hydroxyphenylacetic acid in
the above assays was followed by reversed-phase HPLC and com-
pared with that obtained in 0.050 M Na2SO4. Fig. 9a and b illustrates
the exponential abatement of the concentration of this compound un-
der all experimental conditions, always obeying a pseudo-first-order
kinetics, as depicted in their inset panels. Under AO-H2O2 condi-
tions (see Fig. 9a), the slow destruction by BDD( OH) led to the
complete removal of 4-hydroxyphenylacetic acid in 540 min for all
the OOMW solutions, although its removal was faster at a gradu-
ally smaller organic load. Accordingly, the substrate disappeared com-
pletely in about 360 min in 0.050 M Na2SO4. The k1 values varied
between 7.3 × 10−5 s−1 (R2 = 0.985) for the 100% (v/v) solution and
2.0 × 10−4 s−1 (R2 = 0.992) for 0.050 M Na2SO4. Assuming that Re-
action (14) is verified for BDD( OH), its average content can be
estimated as k1/k2, with k2 = 7.02 × 108 M−1 s−1, growing from
1.0 × 10−13 to 2.8 × 10−13 M. As expected, the substrate decay was
much faster by PEF due to the more active OH formed from Reac-
tions (7) and (8). Fig. 9b reveals that time for total disappearance var-
ied from 100 to 70 min when going from 100% to 20% (v/v) solutions,
decreasing to 50 min for 0.050 M Na2SO4. The corresponding k1 val-
ues increased from 6.8×10−4 s−1 (R2 = 0.993) for the 100% (v/v) so-
lution to 1.4 × 10−3 s−1 (R2 = 0.993) for 0.050 M Na2SO4, with an av-
erage OH content between 9.7 × 10−13 and 2.0 × 10−12 M. This cor-
roborates the enhanced oxidation of aromatic products by OH than
BDD( OH) in PEF.
The change in biodegradability of the treated solutions was also
evaluated. The initial BOD5/COD ratio was 0.334 for the conditioned
OOMW spiked with 1.03 mM 4-hydroxyphenylacetic acid, which is
close to the biodegradability threshold of 0.4 needed for biological
treatment [44]. Fig. 10 shows a decay of the initial BOD5/COD ratio
after 180 and 360 min of the AO-H2O2 treatment, indicating the gen-
eration of biorefractory species during electrolysis as well as the ef-
fect of accumulated H2O2. In contrast, the PEF degradation caused a
strong enhancement of the biodegradability, with a final BOD5/COD
value near 0.6 after 360 min of treatment. This means that PEF is not
only the most powerful EAOP to decontaminate OOMW, spiked or
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Fig. 9. 4-Hydroxyphenylacetic acid abatement with electrolysis time for the (a)
AO-H2O2 and (b) PEF treatments of 100 mL of 1.03 mM 4-hydroxyphenylacetic acid
solutions in (□) 100%, (▽) 60% and (◊) 20% (v/v) of filtered (18 μm) real OOMW,
as well as in (▲) 0.050 M Na2SO4, all at pH 3.0 using a stirred BDD/air-diffusion tank
reactor at 16.7 mA cm−2 and 35 °C. The corresponding kinetic analysis considering a
pseudo-first-order decay for the pollutant is shown in the inset panels.
Fig. 10. Change of BOD5/COD ratio of the raw OOMW sample (filtered with an 18 μm
filter) once spiked with 1.03 mM 4-hydroxyphenylacetic acid and treated for 3 and 6 h
by either AO-H2O2 or PEF with 0.50 mM Fe
2+ and 6 W UVA radiation.
not with 4-hydroxyphenylacetic acid, but it can also be an optimum
process for coupling with biological processes. This suggests a much
faster and efficient degradation of this kind of wastewater by means
of the coupled PEF/biological process, if compared to a single step
biological treatment, as recently shown for the EF/biological degra
dation of antibiotics furosemide and ranitidine in aqueous medium
[44].
4. Conclusions
PEF process is the most powerful EAOP for treating 4-hydrox-
yphenylacetic acid and, what is more relevant for future application,
its high performance is maintained in a real wastewater matrix like
OOMW. The quick mineralization in PEF was achieved thanks to the
photolytic action of UVA radiation on photoactive by-products, as ob-
served for the quick removal of Fe(III)-oxalate complexes formed.
The increase in j accelerated the mineralization in all media tested,
but with loss of MCE owing to the parasitic reactions that consume
the hydroxyl radicals. An enhancement of the oxidation ability of all
EAOPs with increasing organic load was always found, with the con-
sequent rise in MCE. This favors the degradation rate of real OOMW
with high organic content. 4-Hydroxyphenylacetic acid decay always
obeyed a pseudo-first-order kinetics. About 98% and 80% TOC re-
ductions were achieved for the PEF treatment of 1.03 mM 4-hydrox-
yphenylacetic acid in 0.050 M Na2SO4 and in the real OOMW, re-
spectively. In the latter case, the PEF process also led to a greater
biodegradability.
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